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Dynamic dielectric response of electrorheological fluids in drag flow
B. Horva´th∗ and I. Szalai†
Institute of Physics and Mechatronics, University of Pannonia, 8200 Veszpre´m, Hungary
We have determined the response time of dilute electrorheological fluids (ER) in drag flow from
the dynamic dielectric response. On the basis of a kinetic rate equation a new formula was derived to
approximate the experimental time-dependent dielectric permittivity during the temporal evolution
of the microstructure. The dielectric response time was compared to the standard rheological
response time extracted from the time-dependent shear stress, and a good agreement was obtained.
We found that the dielectric method is more sensitive to detect any transient during the chain
formation process. The experimental saturation value of the dielectric permittivity corresponding
to the equilibrium microstructure was estimated on the basis of formulas derived from the Clausius-
Mossotti equation.
PACS numbers: 82.70.Kj, 77.22.-d, 07.50.-e
I. INTRODUCTION
One of the main advantages of a device based on elec-
trorheological (ER) fluids (such as a clutch, actuator,
brake, or damper) is the small (of the order of 10−3 s)
response time compared to conventional devices. The
response time of an ER device is determined by the dy-
namics of the external electric field induced phase tran-
sition of the ER fluid. This reversible liquid-to-solid like
state transition process involves the polarization of the
dispersed particles and the microstructural change by the
aggregation of the polarized particles into chainlike and
columnar clusters. If the ER fluid is under mechanical
deformation, then the phase transition is also influenced
by the time-dependent flow of the ER fluid. The over-
all phase transition can be characterized by a response
time, which is one of the most important parameters of
an ER fluid. There are different definitions for the re-
sponse time. For example, in some literature [1] it is
the time delay between the turn-on of the external elec-
tric field and the resulting change in macroscopic prop-
erties such as the rheological behavior. It can also be
regarded as the time needed to form the first electrode
spanning structures [2]. Generally, it is defined as the
time required to reach a new equilibrium microstructure
after the phase transition. In this paper, we use this
latter definition. The change in the macroscopic prop-
erties as a function of time during the phase transition
(which is the result of the temporal evolution of the mi-
crostructure) is usually approximated with a saturating
exponential function. Thus the experimental response
time can be characterized with the characteristic time
constant of an exponential fitting function. Besides the
physical properties of the components of an ER fluid,
this response time is influenced by the external condi-
tions (electric field strength, rate of deformation, etc.).
During the operation of a typical ER device the fluid is
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in drag flow, in pressure-driven flow, or in a combination
of the two. Because the response time is influenced by the
properties of the flow, it is measured mostly in the case
where the fluid is under mechanical deformation. These
measurements are based on the determination of time-
dependent stress [3–5] or pressure change [6, 7] of the
fluid. The stress-response-based measurements are done
mainly in shear mode with different geometries, while
there are only a few compressive stress studies regard-
ing the response time [8]. The microstructural change
can also be investigated with optical (transmittance, light
scattering) methods, therefore, these experimental tech-
niques are suitable for response-time measurements [1]
even in the case of quiescent ER fluids. With dielectric
spectroscopy the polarization process of the individual
particles (relaxation time) can be investigated, but this
gives only an estimate on the lower limit of the response
time [9], because it does not includes the additional time
needed for structure formation.
In a previous study [10], we employed a dielectric
method to investigate the response time of quiescent ER
fluids. The change in relative permittivity caused by the
structure formation [11] can be measured continuously
with this technique and the response time is extracted
from the time-dependent permittivity as a characteristic
time constant. We used this dielectric method to measure
the response time of ER fluids in drag flow in addition
to the quiescent state. In the case of fluids in drag flow,
both the dielectric and rheological properties of the ER
fluid were measured simultaneously with the improved
experimental setup and the characteristic times were de-
termined from the dielectric and rheological data.
Besides the response-time measurements, the change
in dielectric properties due to structure formation was
compared to theoretical predictions. We used a simple
theoretical model based on formulas derived from the
Clausius-Mossotti equation to calculate the difference be-
tween the permittivity of isotropic and anisotropic ER
fluids in equilibrium. The model was applied to quiescent
and ER fluids under shear to evaluate the experimental
dielectric results.
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FIG. 1. (Color online) The block diagram of the measuring
system.
II. EXPERIMENT
A. Experimental setup
The block diagram of the combined dielectric and rhe-
ological measurement setup can be seen in Fig. 1. The
dielectric apparatus used in our previous study was in-
tegrated with a rotational rheometer. The shear stress
was measured with this rheometer at the same time as
the relative permittivity of the ER fluid. This means
that one HV pulse was imposed to the ER fluid and the
apparatus measured both the dielectric and rheological
(stress) response of the ER fluid concurrently.
The concept of the dielectric permittivity measurement
is based on the determination of the frequency change of
an LC oscillator [12, 13], where the capacitive element
is a special, changeable dielectric cell (Cc). There is a
direct relationship between the frequency of the sinu-
soidally varying ac measuring field and the relative per-
mittivity of the fluid in the dielectric cell. The measuring
ac field has a frequency of f = 2-3 MHz (depending on
the relative permittivity of the ER fluid) and the volt-
age across the electrodes is Up−p = 4 V. The strength
of the electric field created by the oscillator is below the
limit needed to induce structure formation in the used
ER fluid. The frequency is measured by a modulation
domain (MD) analyzer (HP 53310A) with high time res-
olution. If the ER fluid is under the influence of strong
electric field (E ≈ 106 V/m), then the change in relative
permittivity can be continuously measured as a change in
the frequency of the measuring field. The strong electric
field is created by rectangular high voltage (HV) pulses
imposed to the cell. The HV pulse generator is a Trek
609E-6 HV amplifier and the analog input signal is sup-
plied by a data acquisition card (National Instruments
PCI-6052E). The slew rate of the HV amplifier is greater
than 150 V/µs, therefore, even at the largest amplitude
the rise time of the rectangular pulse is three orders of
magnitude smaller than the measured response time of
the ER fluids. The dielectric part of the measuring sys-
tem was controlled with labview software running on a
E
v
Oscillator
HV generator
Ev
Oscillator
HV generator
(a) (b)
FIG. 2. The schematic of the dielectric cells: (a) concentric
cylinders (CC) shear cell and (b) parallel plates (PP) shear
cell.
PC. The main tasks of this program were the acquisition
and processing of raw data as well as to provide control
functions (MD analyzer, HV pulse generator). Further
technical details of the dielectric measurement setup can
be found in Ref. [10]. The estimated error of the permit-
tivity measurements is below 3%, while the characteristic
times extracted from the dielectric data have an experi-
mental error smaller than 14%.
In our experiments we used two dielectric shear cells
with different geometries (parallel plates and concentric
cylinders) for the drag flow. The shear cells [Figs. 2(a)
and 2(b)] were constructed using an Anton Paar Physica
MCR301 rotational rheometer and its slightly modified
accessories. The P-PTD200/E accessory and the PP50/E
measuring tool is a plate-plate (PP) system (the electrode
gap is 0.8 mm), while the C-PTD200/E accessory with
the CC27/E tool has a concentric cylinders (CC) geom-
etry (1.13 mm electrode gap). After small changes the
measuring tools were connected as electrodes to the LC
oscillator forming the frequency determining capacitive
element. The electrical connection between the rotat-
ing tool and the oscillator was made by a spring loaded
sliding wire. Both dielectric cells have a built-in Peltier
device for temperature regulation. The drag flow in the
cells can be characterized as a steady, laminar flow. The
shear stress in the ER fluid was measured with the An-
ton Paar rheometer parallel with the dielectric measure-
ments. The rheometer was controlled with the Anton
Paar Rheoplus software, which was also used to record
and process the measured data.
B. Materials
In our experiments we used dilute ER fluids contain-
ing nano-sized silica (SiO2) particles dispersed in sili-
cone oil (polydimethylsiloxane) with various viscosities.
The diameter of the silica particles is between 10 and 20
nm. The dynamic viscosity of the silicone oil is 0.97 Pa s
at 25◦C. The relative permittivity of the carrier liquid
is ǫf = 2.7, while the particles have a permittivity of
ǫp = 4.0. All materials were supplied by Sigma-Aldrich.
Before preparing the suspensions, the silicone oil and the
3silica were vacuum-dried for 6 h at a pressure of 300 Pa
and a temperature of 50◦C to remove any absorbed wa-
ter. After mixing and homogenizing the two components,
the suspensions were put under vacuum again for 30 min
to remove the air bubbles. The volume fraction of silica
particles in the ER fluids was φ = 0.04.
III. THEORY
A. Time-dependent permittivity of ER fluids
To interpret the experimental results we employed a
simple theoretical model of chain formation in ER flu-
ids. We assume that the change in relative permittivity
of the ER fluid during a HV pulse is caused by structure
formation only. In a typical ER system the difference
between the permittivity of the isotropic and anisotropic
fluid [11, 14] is orders of magnitude higher than other
nonlinear dielectric effects (e.g., electrostriction and non-
linear dielectric properties of the components), therefore
the assumption can be justified.
To calculate the time-dependent permittivity of the
ER fluid first we have to describe the time evolution of
the microstructure. When the external electric field is
switched on the particles begin to aggregate into N -mers
(chains), where N is the number of particles in one clus-
ter. If the system is in shear flow, then the longer chains
will break up into smaller fragments, and through the
constant aggregation and fragmentation the microstruc-
ture will reach a new equilibrium state. In this state the
length of the chains will be close to a maximum stable
length (Nm). Chains smaller than Nm will aggregate,
while longer N -mers will break up.
Therefore, the time evolution of the ER system can be
modeled by a phenomenological rate equation consisting
of an aggregation and a fragmentation term [15]:
dN(t)
dt
=
k
N(t)
[
1−
N(t)2
N2m
]
. (1)
The reaction rate depends on the E electric field strength:
k = k0(ǫ0ǫfβ
2E2/8η), where k0 is a volume-fraction-
dependent constant, ǫ0 is the permittivity of free space, η
is the viscosity of the carrier fluid, and β = (ǫp− ǫf)(ǫp+
2ǫf). After solving the rate equation [Eq. (1)] the follow-
ing exact formula is obtained for the kinetics of N -mers:
N(t) = Nm
√
1− e−
t
τ +
(
N0
Nm
)2
e−
t
τ , (2)
where N0 is the initial (t = 0) number of particles in
the N -mers [N0 = N(0)], and τ is a characteristic time
constant. In the isotropic ER fluid N0 ≪ Nm and Eq. (2)
can be approximated by
N(t) ≃ Nm
√
1− e−
t
τ . (3)
The ER fluid is treated as a two component system where
the components are the single particles and the N -mers.
The effective dielectric permittivity (ǫeff) of the ER fluid
can be given by the Clausius-Mossotti equation [16]:
ǫeff − ǫf
ǫeff + 2ǫf
=
1
3ǫ0
(ρpαp + ρcαc) = y , (4)
where ρi is the number density and αi is the polarizability
of component i. The subscripts p and c represent the
values for single particle and chains. The base fluid of
the ER system is treated as a background continuum
dielectric with a relative permittivity of ǫf . The time
evolution of N -mers results in a time-dependent effective
permittivity through the ρ(t) = N(t)/V number density,
where V is the volume of the system. Using Eq. (4) the
effective permittivity is
ǫeff = ǫf
(
1 + 2y
1− y
)
, (5)
which is approximated by the first two terms of its Taylor
series, and because y ≪ 1:
ǫeff ≃ ǫf(1 + 3y + 3y
2 + . . .) . (6)
Substituting the function obtained for N(t) [Eq. (3)] into
Eq. (4) and taking into account only the N -mers (because
αp ≪ αc), according to Eq. (6) the time-dependent per-
mittivity can be approximated as
∆ǫ(t) = ǫeff(t)−ǫeff(0) ≃ A
(
1− e−
t
τ
) 1
2
+B
(
1− e−
t
τ
)
,
(7)
where τ is the characteristic time scale of the formation
of longer chains, ∆ǫ(t) is the change of permittivity in
respect to the permittivity of the isotropic fluid (t = 0),
while A and B are constants.
According to experimental and simulation studies [17,
18], the structure formation in ER fluids progresses as
two distinct processes. First, there is a fast pair forma-
tion, which is followed by the slower aggregation of the
particle pairs into longer chains and columns. Therefore
to take into account the pair formation, too, Eq. (7) is
modified as
∆ǫ(t) =A
(
1− e−
t
τ1
) 1
2
+B
(
1− e−
t
τ2
) 1
2
+ C
(
1− e−
t
τ1
)
+D
(
1− e−
t
τ2
)
,
(8)
where the time constant τ1 and τ2 are interpreted as the
characteristic time scales for pair- and chain formation,
respectively. The response time of the ER fluids is de-
termined by these two time scales. The experimentally
determined time-dependent permittivity of the ER fluids
is fitted by a function according to Eq. (8). The charac-
teristic times of pair- and chain formation are extracted
form the dielectric response to a rectangular HV pulse as
the τ1 and τ2 time constants.
4We remark that according to a theory by Huggins [19]
describing the viscosity of dilute solution of long chain
molecules a similar formula to Eq. (8) can be derived
for the time-dependent viscosity of ER fluids. The ∆η
viscosity change of dilute solution of long-chain molecules
depends on the c concentration as
∆η
η0
≃ Ac+Bc2 + . . . , (9)
where η0 is the viscosity of the pure solvent, while A and
B are constants. Applying the theory to ER fluids the
viscosity change can be approximated by Eq. (9), where
the time-dependent concentration of particle pairs and
chains is given by Eq. (3). This yields the formula
∆η(t) =A′
(
1− e−
t
τ1
) 1
2
+B′
(
1− e−
t
τ2
) 1
2
+ C′
(
1− e
− t
τ1
)
+D′
(
1− e
− t
τ2
)
,
(10)
which is used to approximate the experimental stress re-
sponse of ER fluids instead of the ∆η(t) ≃ A′(1− e−t/τ )
equation used by other authors [4, 20, 21]. Similarly to
the dielectric response, in Eq. (10) τ1 and τ2 are regarded
as the time scales of pair and chain formation. In this
case we call these the rheological time constants.
B. The microstructure and permittivity of ER
fluids
The time-dependent permittivity of ER fluids tends
toward a saturation value as the system reaches a new
equilibrium microstructure. This can be given with the
maximum of the permittivity change defined as the dif-
ference between the effective permittivities of isotropic
and anisotropic ER fluids:
∆ǫs = lim
t→∞
∆ǫ(t) . (11)
We estimate the saturation value of the permittivity
change in quiescent and in ER fluids under deformation
according the model outlined in the following. First, we
deal with the quiescent case and then the model is mod-
ified to take into account the effect of shear.
With increasing electric field strength ∆ǫs is also in-
creases, but over a threshold value of the field strength
∆ǫs reaches a maximum value. At higher field strengths
the microstructure in quiescent fluids can be character-
ized as almost every particle is part of the chainlike clus-
ters, and these structures are spanning the whole elec-
trode gap. The permittivity of the ER fluid is calculated
using the Clausius-Mossotti equation [Eq. (4)], but now
the two components of the system are the single particles
and the electrode spanning particle chains. It is assumed
that the Nc particle long chains are one particle thick.
The concentrations of the components can be given by
volume fractions instead of number densities, so the φc
volume fraction of the chains is φc = (1− φp)/Nc.
The polarizability of the chains along the length is cal-
culated using a dimensionless h ”enhancement factor.”
This factor is defined as the ratio of the polarizability of
the chains and the ideal additivity of the polarizability
of single particles: h = αc/(Ncαp). If the total number
density and the polarizability is reduced by σ3 (the di-
ameter of the particles is σ = 2r), then Eq. (4) can be
written as
ǫeff − ǫf
ǫeff + 2ǫf
=
1
3ǫ0
ρ∗
[
φpα
∗
p + (1− φp)α
∗
ph
]
, (12)
where the reduced quantities are marked by the super-
script *. The reduced polarizability of a single particle
is
α∗p =
1
2
πβǫfǫ0r
3 , (13)
where r is the radius of the particle.
Kim and coworkers [22] derived analytical expressions
for the h enhancement factor of different infinite-sized
discrete clusters. The enhancement factor for infinitely
long chains parallel with the electric field is
h =
1
1−
ζ(3)
πǫ0
α∗p
, (14)
where ζ(x) is the Riemann ζ function. The chains can
be considered infinitely long if the Nc number of parti-
cles in the chains is greater than 1000. In this case the
asymptotic value of h of a large cluster agrees well with
the value determined from the analytical expression for
an infinitely long chain. In the ER fluids under investi-
gation Nc ≈ 6000 if the chains are spanning the whole
electrode gap (which is true at sufficiently large electric
field strength). This means that the chains in the ER
fluid can be regarded as infinitely long and Eq. (14) is
valid.
When the ER fluid is subjected to steady shear, the
particle chains tilt due to hydrodynamic forces and are
no longer parallel with the electric field. The parallel
(with respect to E) component of the polarizability of
the slanted chains becomes dependent on the θ tilt angle.
Therefore, the formula for the enhancement factor takes
the
h =
1
1−
ζ(3)
2πǫ0
(3 cos2 θ − 1)α∗p
(15)
form. Equation (15) has a physical meaning only in the
0◦ < θ < 54.7◦ range, because if θ > 54.7◦, the interac-
tion between the particles in the chains becomes repul-
sive. Substituting Eq. (15) into Eq. (12), an expression
is derived to calculate the effective permittivity of ER
fluids under shear and in the quiescent state (θ = 0◦). In
the evaluation of the experimental data we will compare
the measured ∆ǫs with these theoretical values.
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FIG. 3. (Color online) The concurrently measured time-
dependent permittivity (black circles) and shear stress (red
diamonds) of ER fluid in shear flow. The solid lines are the
theoretical fitting functions according to Eqs. (8) and (10)
between t = 0-5 s. The 5 s long rectangular HV pulse was
switched on at t = 0 s (η = 0.97 Pa s silicone oil, φ = 0.04, T
= 25◦C).
IV. RESULTS AND DISCUSSION
A typical concurrently measured dielectric and rhe-
ological (stress) response of the ER fluid to a rectan-
gular HV pulse during shear is presented in Fig. 3.
The responses were determined at various electric field
strengths (1.0–2.0 MV/m) and steady shear rates (0–
50 s−1). In all cases the steady shear flow was applied
20 s before the electric field was switched on, and it
was maintained 20 s after the HV pulse. The time-
dependent permittivity was fitted with a function ac-
cording to Eq. (8), while the stress response was approx-
imated with Eq. (10).
A. Characteristic times
The experimental characteristic times were determined
from both the dielectric and rheological data as the time
constants of the fitting functions. The following data
processing was used to obtain the characteristic times.
At one electric field strength and shear rate the mea-
surements were repeated 5 times and each raw data set
was fitted. The experimental characteristic times are the
arithmetic mean of five values. These experimental re-
sults are presented in the following figures (Figs. 4 and
5), where the error bars represent the standard deviation.
The dielectric τ1 characteristic time of sheared ER fluid
(CC geometry) as a function of the electric field strength
can be seen in Fig. 4. At a constant shear rate, the elec-
tric field strength dependence of the experimental charac-
teristic times can be fitted with a τ1 ∝ 1/E
a function. In
the case of quiescent (γ˙ = 0 s−1) ER fluids, the theoreti-
cal value of the exponent a according to the polarization
1.0 1.5 2.0
0.0
0.1
0.2
0.3
  = 0 s-1      a = 0.97
  = 5 s-1      
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a
.
.
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FIG. 4. (Color online) The τ1 characteristic time of ER fluids
in drag flow (concentric cylinders) as a function of electric
field strength at different shear rates (η = 0.97 Pa s silicone
oil, φ = 0.04, T = 25◦C).
model of the ER effect is 2 [2]. However, the experimen-
tal results show that for the ER fluid under investigation
a has a value approximately 1 (a = 0.97). The exper-
imental response time of other ER fluids shows similar
(a < 2) electric field strength dependence. Rejo´n et al.
[23] found that the exponent has a value between 0.41 and
1.05 in ER fluids containing polysaccharide particles. Ac-
cording to Abu-Jdayil [6], the response time determined
by rheological measurements depends on the electric field
strength with an exponent between 0.85 and 1.40 in ER
fluids composed of polyurethane particles dispersed in
silicone oil.
The experimental τ2 characteristic time of the forma-
tion of longer chains have a much larger error than τ1,
but the following trend can be observed. In sheared ER
fluids τ2 is larger by a factor of 5–10 than the correspond-
ing τ1. This is the same trend as we found earlier [10]
and was predicted by theoretical models and computer
simulations [24] in the case of quiescent fluids.
The experimental data show that if the ER fluid is
subjected to shear, then τ1 is decreasing with increasing
shear rate at a given field strength. On the other hand,
at constant shear rate τ1 becomes independent of the
electric field strength even at γ˙ = 5 s−1. In the examined
shear rate regime the exponent of the power fit is smaller
than 0.39, while a = 0.97±0.04 in the quiescent fluid.
This behavior can be explained if we take into account the
forces relevant to the structure formation in ER fluids.
The microstructure of ER fluids in steady shear flow is
determined by the competition of the electrostatic forces
between the particles and the viscous force. The rela-
tive importance of these forces can be described by the
dimensionless Mason number [25]:
Mn =
ηγ˙
2ǫfǫ0β2E2
. (16)
In the case of the ER fluid used in our experiments at
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FIG. 5. (Color online) The characteristic times as a function
of shear rate determined with the rheological (red diamonds)
and dielectric (black circles) methods.
γ˙ = 5 s−1 and E = 2.0 MV/m the Mason number is
1.32. This means that at this shear rate the viscous forces
begin to become the dominant force to determine the
microstructure. If the shear rate is greater than 10 s−1,
the Mason number is 2.65 < Mn < 10.6 depending on
the electric field strength. In this shear rate regime the
viscous forces are clearly dominant, so τ1 is independent
of the electric field strength.
The electric field strength dependence of the character-
istic times was measured with both dielectric shear cells
(parallel plates and coaxial cylinders). By the compari-
son of the characteristic times measured with the CC and
PP cells at the same conditions, we found that the differ-
ence between τ1 is around 4–9%. This difference stems
largely from the calibration error of the parallel plates
cell. The characteristic times of the studied ER fluids,
therefore, can be said to be independent of the geometry
of the shearing surfaces.
According to our tests the measured stress response
was distorted by instrumental effects, and thus the ex-
tracted characteristic times were affected. To take into
account the instrumental effects we have corrected the
rheological characteristic times. These corrected values
agree within measurement error with the dielectric char-
acteristic times as it can be seen in Fig. 5. One of the
instrumental effects is the internal data averaging of the
rheometer: The measured shear stress is averaged over
half the time of the sampling interval. The internal sam-
pling rate of the rheometer is 0.1 ms, while the measured
shear stress is averaged over 25 ms, and a data point
is generated at every 50 ms. Besides a time delay this
internal data processing introduces low-pass filtering on
the measured stress response. The estimated cutoff fre-
quency (for –3 dB) of this filter is fc ≈ 17 Hz. Examin-
ing the measured dielectric response (where there is no
averaging) in the frequency domain there are no higher
frequency components in the signal. Therefore, the low-
pass filtering on the stress response have no considerable
φ
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FIG. 6. (Color online) The theoretical effective permittivity
change relative to the permittivity of the isotropic (φp = 1)
ER fluid as a function of the volume fraction of single particles
[according to Eq. (12)].
effect. Besides the time delay caused by the averaging
there is an additional delay which is the result of the data
transfer between the instrument and the control software
after each data points. In the case of the dielectric mea-
surements no correction was necessary because the di-
electric apparatus samples the permittivity without any
data averaging, which means that one data point is the
result of one high-precision frequency measurement. Be-
cause the raw data are stored in the memory of the MD
analyzer and transferred to the control software only af-
ter the measurements there is no additional instrumental
delay.
B. The relationship between the permittivity and
microstructure
In the case of the quiescent ER fluids used in our exper-
iments ∆ǫs reaches its maximum value if the electric field
strength is E > 4 MV/m, indicating that almost every
particle is part of the chainlike clusters. According to the
experimental data the maximum of ∆ǫs is 0.0210±0.0005.
Using the theoretical model outlined in Sec. III B, we can
give an estimate for this maximum of the permittivity in-
crement. The theoretical effective permittivity of the ER
fluid as a function of the φp volume fraction of single
particles is shown in Fig. 6. The effective permittivity
increases with decreasing particle volume fraction as the
particles are aggregating into chains [see Eq. (12)]. The
theoretical value is ∆ǫs = 0.0182, which agrees well with
the experimental data.
If the ER fluid is in shear flow, then the prediction
of the model for the permittivity change as a function
of the tilt angle is presented in Fig. 7. As the chains
become more tilted, the effective permittivity decreases.
In a realistic sheared ER fluid the tilt angle of a single
chain increases until the chain breaks, after which the
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FIG. 7. (Color online) The theoretical effective permittivity
of sheared ER fluid as the function of the θ tilt angle of slanted
chains. The permittivity is given as a change relative to the
permittivity of the ER fluid where the chains are parallel with
the electric field (θ = 0◦).
fragments tilt less. When the fragments form a complete
chain again, the tilt angle is decreasing until breakage
occurs [15]. This continuous break up and reforming of
chains means that the slant of the chains can be described
with an average angle if the microstructure reached the
dynamic equilibrium state. The measured permittivity
change at various shear rates (Fig. 8) shows a similar
behavior to the theoretical prediction; as the shear rate
is increased, the permittivity change becomes smaller.
From the experimental permittivity data we calculated
the average tilt angle using the theoretical model. If the
ER fluid is subjected to a steady shear of γ˙ = 5 s−1,
then the measured permittivity change in respect to the
permittivity of quiescent fluid is ∆ǫ = -0.0078±0.0002.
According to the employed model, this corresponds to a
tilt angle of θ = 30◦, which is reasonable. At a higher
γ˙ = 50 s−1 shear rate ∆ǫ = -0.0105±0.0003, which gives
a value of θ = 36◦ for the average tilt angle. Martin
and Anderson [15] developed a chain model of ER flu-
ids where the chain orientation and size are found by
determining the mechanical stability of a chain by bal-
ancing the hydrodynamic forces against the electrostatic
forces. In the framework of this model, the critical angle
when chain rupture occurs can be calculated using a rigid
chain or single linear chain approximation. The theoret-
ical estimations for the critical chain angle in the two
approximations are θc ≈ 35
◦ and θc ≈ 39
◦. The value
corresponding to the rigid chain approximation agrees
well with the value of the average tilt angle calculated
from our experimental data using Eqs. (12) and (15).
In the dielectric response of the sheared fluid transient
overshoots were observed, and these were apparent in
the corresponding shear stress response, too (see Fig. 3).
The first overshoot appeared after the turn-on of the elec-
tric field, and a second was observable after the turn-off.
With increasing shear rate the amplitude of the first local
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FIG. 8. (Color online) The dielectric response of the ER fluid
in drag flow to a 5-s-long rectangular HV pulse at different
shear rates (η = 0.97 Pa s silicone oil, φ = 0.04, T = 25◦C).
The electric field was switched on at t = 0 s.
maximum decreased and appeared earlier (Fig. 8). One
possible explanation of this overshoot is the formation of
the first long chains which lead to the permittivity and
shear stress increase. It is followed by the breakage of
these first chains, resulting in the local decrease of per-
mittivity and shear stress. After breakage the fragments
are reforming and the system develops toward the dy-
namic equilibrium of constant fragmentation and aggre-
gation of chains. The transient after the turn-off of the
electric field can be explained in a similar manner: This
is the result of the last chain fragments aligning to form
a complete chain before they are gradually destroyed by
the shear flow. We remark that the dielectric method is
more sensitive to detect these local maxima than the rhe-
ological method. Kim and coworkers [26] observed simi-
lar transient overshoot in the stress response of ER flu-
ids containing conducting polymer-coated polyethylene.
They found that the phenomena could be best explained
by shear-induced particle chain aggregation, where the
electrical conduction of the particles also plays an im-
portant role.
V. CONCLUSIONS
The dielectric and stress responses of ER fluids in shear
flow were characterized by measuring the response time.
The dependence of the characteristic times on the elec-
tric field strength, and the shear rate were determined.
The electric field strength dependence of the characteris-
tic time was fitted with a power function, and the expo-
nent was found to be smaller than the value predicted by
the polarization model of the ER effect. We found that
in the case of shear flow above a certain shear rate, the
characteristic time becomes independent of the electric
field strength, indicating that the viscous forces domi-
nate the process of determining the microstructure. The
8time constants measured with different shearing surface
geometries (parallel plates or concentric cylinders) were
the same within measurement error.
We compared the characteristic time constants deter-
mined from the dielectric response of the sheared flu-
ids to the corresponding ones determined on the basis of
the shear stress behavior. The rheological characteristic
times had to be corrected to take into account the instru-
mental response time and the effect of internal data av-
eraging. The corrected rheological response times agreed
with the dielectric response times within measurement
error.
The measured change in the effective permittivity of
the ER fluid was estimated on the basis of formulas de-
rived from the Clausius-Mossotti equation. Despite the
simple nature of the theoretical model, we found good
agreement between the theoretical and experimental di-
electric data. The model was applied to sheared ER fluids
and from the measured permittivity change the average
tilt angle of the chains was determined, which agrees well
with the results of other authors.
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